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Abstract : To properly evaluate the dynamic behaviour of a motorcycle by means of 
simulation it is necessary to stabilize it by reproducing the control actions of the rider during 
each integration step. The aim of the work presented here is to develop a co-simulation 
environment composed of a detailed multibody model of a motorcycle, a control scheme to 
simulate the rider and a tracking algorithm to feed the controller with information about the 
road and its obstacles. The objective is to evaluate the behaviour of motorcycle-rider-road 
system model including a multibody motorcycle model, a PID rider model and tyre/road 
interaction model for future simulations of different accident scenarios and active systems for 
motorcycles. The inputs provided to the controller are the state variables of the motorcycle 
and the outputs of the tracking algorithm, i.e. the relative position and angle of the motorcycle 
with respect to the reference trajectory. The rider interacts with the motorcycle by means of 
the steering torque. The results obtained for a steady-state and dynamic manoeuvres 
(double line change and eight manoeuvres respectively) are presented at the end of the 
report. 
 
Keywords: Motorcycle, Multibody Dynamics, Rider Model, Control, Co-Simulation. 
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1 Introduction 
 
As it is well known, the objective of the WP 1 (Accident Dynamics) is to carry out a well-
validated computer aided engineering (CAE) methodology describing the interaction between 
vehicle-rider-environment during PTW (Powered Two Wheeler) driving, as well as in the pre-
accident and accident phase. The methodology will be used for the analysis of dangerous 
driving situations, including a number of selected accident scenarios. 
 
The simulation of an accident is quite a complex task since it is multidisciplinary, i.e. it 
involves different modelling approaches such as multibody simulation, finite elements, control 
theory, experimental data from real scenarios, etc. Because of this reason, a rigorous and 
well defined methodology is necessary to link all these approaches in the most efficient way. 
The development of the mentioned methodology will be the main topic covered in this report. 
To this purpose, the three ESRs form the University of Florence, LMS International and the 
University of West Bohemia collaborated in developing the methodology summarized in the 
following Figure 1: 
 
 
 



Project: MRTN-CT-2006-035965 MYMOSA   

Deliverable 1.1: Development of overall methodology for accident simulations 

Issued: 30/04/08 Version: Final 1.0  5 

  

Figure 1: Overall frame structure and workflow 
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In the figure, it shows, on the left side, the working domains and areas covered by each ESR. 
As observed, the workflow is divided in two main parts. The upper section corresponds to 
ESRs 1 and 3 and consists on the definition of a set of virtual scenarios starting from the 
information gathered from different accident databases (DEKRA, MAIDS, etc). This virtual 
scenario includes the information required for the accident simulation such as vehicle 
trajectory in the pre-crash phase, initial conditions (speed, acceleration, etc), position and 
orientation of the vehicle and rider after the crash, etc.  
 
Once all the information of the accident is translated into the software, the multibody 
approach (particularly the software Virtual.Lab Motion from LMS) is used to reproduce the 
accident. The model of the motorcycle (including all the active systems, tires, suspensions, 
etc) and the biomechanical model of the rider are modelled by means of this technique. 
However, another step is still necessary in order to reproduce the actions of the rider when 
riding. A control scheme developed in Simulink is used to generate the control actions that 
the rider exerts on the motorcycle.  
 
Unlike cars, where most of the developed active control systems are based on simplified 
dynamic models, the unstable nature of 2-wheeled vehicles makes them more difficult to 
analyse for control purposes. Therefore, the role of the rider model is fundamental to properly 
simulated accident scenarios and to evaluate the performance of active systems at the 
design stage.  
 
The rider model (usually and initially implemented as a control scheme) must behave as a 
human rider, capable of reproducing his/her behaviour during standard manoeuvres such as 
lane change, U-turn, slalom, etc. Moreover, it has also to take into account the human limits, 
i.e. reaction time, frequency response, etc.  
 
Finally, as an extended version of this multidisciplinary model, a biomechanical model of the 
rider is also taken into account (see the lower section of the picture). This is being developed 
by ESR 2 with the aim that the model better mimics the natural reactions and movements of 
a real rider. The connection of this improved model with the controller developed by ESRs 1 
and 3 is much more complex and will be covered in the future. 
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2 The modelling approaches 
 
Different modelling techniques are available in order to develop a methodology to study 
motorcycle accidents.  
 

·  The first approach is the multibody dynamics (MB) formulation and is typically used 
for the simulation of (large) motion. All structural components of the system, i.e. the 
motorcycle and the rider body, are represented by individual discrete bodies with 
maximally six DOFs, corresponding to three translational and three rotational 
motions. Each body has mass and inertia properties, but cannot deform. The joints 
between the bodies can be used to represent the flexibility and the damping in the 
system. This approach yields a set of ordinary differential equations (ODEs) and will 
be used for the first stages of the accident simulation process.  

 
·  The second approach is the finite element (FE) modelling technique. FE models are 

typically used for the internal analysis of individual components. Such component is 
not represented as a discrete body, but as a deformable mesh of numerous nodes 
and elements. Mass and inertia properties are linked to the nodes, whereas 
flexibility and damping are included in the elements. Each node has a maximum of 
six DOFs and a complete FE model can have a large number of DOFs, in the order 
of magnitude of 10,000 up to 1,000,000, resulting in long calculation times. This 
approach yields a set of partial differential equations. Due to the high computational 
time required for this approach, the direct dynamic simulation was rejected from the 
beginning by the WP 1 for the pre-crash and crash phases. However, other WPs 
will use this technique to perform a detailed analysis of the crash phase. 

·  The third approach combines the MBS formulation with the FE formulation. Each 
component in a system has six rigid-body DOFs representing its overall motion and, 
in addition, an extra set of DOFs to represent its internal deformation. This latter set 
is derived from an FE model of the component using the component mode 
synthesis (CMS) technique. This approach is also known as a modal formulation or 
a flexible MB. It can be considered, on the one hand, as an extension of the MB 
formulation with the purpose of simulating more details or, on the other hand, as a 
reduction of the FE formulation in order to reduce the computational time. In the 
final stage of the accident simulations, this technique will be very useful to study the 
detailed behaviour of the motorcycle and its instabilities. 
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Figure 2: Multibody dynamic simulations with LMS Vi rtual. Lab 

 

2.1 Possibilities of the multibody approach 
 
The multibody approach will be used for most of this research against other techniques due 
to its power and the advantages of having a detailed 3D model of the motorcycle and rider. 
This section is intended to briefly describe the most important types of problems that can be 
solved by means of this technique. 
 

2.2 Static equilibrium position 
 
The static equilibrium position problem consists of determining the position of the motorcycle-
rider system in which all the gravitational and external forces, elastic forces in the 
suspensions, the tires and external reactions are balanced. This problem is not really a 
dynamic problem, but a static one, that depends on the weight and the position of the center 
of gravity of the bodies and not on its inertia properties. The general solution to this problem 
also leads to a system of nonlinear equations which need to be solved iteratively. The initial 
configuration of the motorcycle, i.e. before starting the simulation, is determined in this way. 
 

2.3 Linearized dynamic model 
 
A problem closely related to the previous section is that of determining the natural vibration 
modes and frequencies of the small oscillations that take place about the static (or dynamic) 
equilibrium position. This problem is solved by first linearizing the equations of motion at a 
particular position, and then performing an eigenvalue analysis. The natural vibration modes 
and frequencies permit to analyze the motorcycle's stability as a function of the speed. This 
analysis could provide valuable information about the origin of the accident. 
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2.4 Inverse dynamics 
 
The inverse dynamic problem is very useful to determine the driving forces that produce a 
specific motion of the motorcycle as well as the reactions that appear at each of the system's 
joints. For instance, the inverse dynamics analysis yields the steering torque necessary to 
control the motorcycle so that it follows a certain curve. 
 

2.5 Forward dynamics (dynamic simulation) 
 
The forward dynamics problem yields the motion of a multibody system over a given time 
interval, as a consequence of the applied forces and given initial conditions. The importance 
of the direct dynamic problem lies in the fact that it allows one to simulate and predict the 
motorcycle’s behaviour. The forward dynamics implies the solution of a system of nonlinear 
ordinary differential equations (initial value problem). These differential equations are 
numerically integrated starting from the initial conditions. This technique was selected for the 
time history simulation of the pre-crash and crash phases. 
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3 The multibody model of motorcycle 
 
As it is shown in Figure 3, the developed motorcycle model is composed of six rigid bodies: 
the front wheel, the lower part of the fork, the upper part of the fork (including the 
handlebars), the front frame (including the engine and the fuel tank), the swinging arm and 
the rear wheel. 
 
 
 
 

                   

Figure 3: The schematic of the multibody model of t he motorcycle 

 

With this configuration, the system has a total of eleven degrees of freedom that can be 
decomposed in the following way: six from the front frame (3 coordinates of the centre of 
mass together with the roll, pitch and yaw angles), one from the steering angle, two 
corresponding to the rotation of the wheels and another two from the suspensions. 
 
For the present study, the rider has been considered rigidly attached to the front frame. This 
means that the only action that the rider exerts to control the direction of the motorcycle is a 
torque on the handlebars. This approach is valid for the most common manoeuvres. 
However, a multibody model of the rider will be considered in the future for more advanced 
simulations taking into account the movements of the rider. With regard to the longitudinal 
dynamics, the motorcycle is controlled by means of the brake torques and by the engine 
torque, which is transmitted to the rear wheel by means of a simplified model of the chain.  
 
Although there exists a comprehensive method to model the complete chain with desretized 
elements (targeting advanced chain dynamics analysis), it is out of the scope of this research 
to model in detail the dynamic behaviour of the chain since it would slow down the 
simulations without improving the global results[8]. Because of this, the simplified model 
shown in Figure 4 is used. With this model, the chain force is applied in the proper direction 
and the chain effect (i.e. force that pulls the chain when the suspension moves) is also taken 
into account. 
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Figure 4: Simplified model of the chain 

 
With regard to the tires, it is worth noting that they are a crucial factor for the accuracy of 
motorcycle simulations. In this work, the response of both tires is modelled by means of the 
LMS Complex Tire, which takes into account three components of force and three 
components of torque in the normal, longitudinal, and lateral directions. These reactions are 
not considered independent. The tangential reactions at the tire/ground interface depend on 
the normal force and the friction ellipse is used to limit the magnitude of the net tangential 
force. Well established empirical relations [1] are used to compute the force/torque in these 
directions as a function of the normal force, sideslip and rotational slip. 
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4 On the control model 

4.1 The tracking algorithm 
 
In order to compute the control action that makes the motorcycle follow a predefined 
trajectory, it is necessary to know the relative position of the motorcycle with respect to the 
trajectory for each integration step. Some authors compute the distance between the 
motorcycle and the points of the trajectory in order to find the closest point. However, this 
technique can lead to instabilities and other related problems[7].  
 
For this reason, the method of the curvilinear coordinates is adopted here due to its 
simplicity. Basically, the position of the motorcycle is described by a set of curvilinear 
coordinates s, nandJ , where s is the travelled distance along the reference trajectory, n  is 
the lateral error and J  is the relative angle between the trajectory and the motorcycle. These 
coordinates are obtained by projecting the motorcycle velocity vector on the reference 
trajectory and then integrating the resulting terms. The resulting equations are: 
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where y�  is the yaw velocity of the motorcycle and )(sk is the curvature of the reference 
trajectory as a function of the travelled distance s. This set of equations have been 
implemented in Simulink to be run simultaneously with the multibody model in Virtual.Lab 
Motion and the rider model, also implemented in Simulink. Actually, the tracked point is not 
the actual position of the motorcycle but a point in the line of sight of the rider. In this way, the 
controller is able to anticipate changes in the reference and, thus, it produces a more realistic 
and stable behaviour. 
 

4.2 Rider controller 
 
The main aim of the lateral dynamics controller is to make the motorcycle follow a predefined 
trajectory while keeping it stable. In order to avoid the fall of the motorcycle, the controller 
should be able to balance the centrifugal forces that act on it with its weight. For that 
purpose, the roll angle derived from the steady-state equilibrium condition will be used as the 
main reference of the controller. That is: 
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whereu is the longitudinal speed of the motorcycle and )(sk is the curvature of the reference 
trajectory at the actual point. A simple controller could be the following: 

(1) 

(2) 
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where 1t is the torque exerted on the handlebars, fP is the proportional constant and fD  is the 

derivative constant of the PD (proportional-derivative) controller. However, more terms are 
needed to correct the trajectory error. Thus, by using the output variables of the tracking 
algorithm, an additional PD control action can be computed as 
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In order to make the motorcycle follow the desired trajectory. If some instability appears, 
other terms can be used to smooth them. Finally, the resulting control action is composed of 
the addition of all the torques described above. 
 

4.3 Simulink Implementation and interaction with Vi rtual.Lab 
 
All the elements described above were implemented into Simulink blocks, as shown in Figure 
5. The Simulink scheme is composed of four main blocks that can be summarized as follows: 
the tracking algorithm provides all the information about the track (and obstacles) and the 
relative position of the motorcycle with respect to it. The plant block represents the 

    

Figure 5: Simulink scheme 

multibody model and is the interface between Simulink and Virtual.Lab Motion. Finally, the 
rider model is implemented as two control blocks which stabilize the lateral and longitudinal 
dynamics of the motorcycle. 
 
Virtual.Lab Motion combines mechanical component simulation with controls and hydraulics 
to allow complete modeling of controlled mechanical systems. Sensors and actuators 
interface the mechanical system and the control system. Feedback loops are easily 

(3) 

(4) 
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modelled. Control elements are fully nonlinear. The following Figure 6 summarizes how 
Virtual.Lab and Simulink are connected. 

           

Figure 6: Co-simulation connections 

Simulink (the rider model), by means of the actuators, provides the inputs to the mechanical 
system (the motorcycle). The values of these control inputs ( cg ,f ) are calculated as a 

function of the information provided by the sensors. Chains involving actuator output forces 
must be solved before accelerations and Lagrange multipliers are calculated. Chains 
involving accelerations or joint feedback forces (Lagrange multipliers) as inputs will be solved 
after accelerations analysis. This means that any input elements (sensors) will get 
acceleration data from the previous time step. 
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5 Analysis results 1  
 
Before presenting the closed-loop results, it is interesting to observe the open-loop behaviour 
of a motorcycle. A priori, it seems obvious that a clockwise torque on the handlebars would 
make the motorcycle turn right. However, this is not like this. Figure 7 shows the result of a 
step torque on the handlebars at t=1s. 
 

15 20 25 30 35 40 45 50

-0.5

-0.4

-0.3

-0.2

-0.1

0

0.1

x [m]

y 
[m

]

Open Loop Manoeuvre: Trajectory of the Motorcycle

 

 

Reference Trajectory (not used)
Motorcycle Trajectory

    
15 20 25 30 35 40 45 50

-6

-4

-2

0

x [m]

Y
aw

 A
ng

le
 [

ra
d]

Open-Loop Manoeuvre: Yaw Angle

Motorcycle
turns right

 

Figure 7: Open-loop analysis results 
1 All the motorcycle parameters have been taken from [2] 
Initially, as a result of the torque, the motorcycle tends to turn right. As a consequence, the 
centrifugal force makes the motorcycle lean left. Once the motorcycle is slightly                        
leant in this direction, the leaning torque overcomes the steering torque and the motorcycle 
starts cornering to the left. More details about the counter-steering behaviour can be found in 
[3]. This phenomenon must be taken into account when setting up the controller gains for the 
closed-loop simulations. 
 

5.1 Dynamic behaviour: Double-lane-change manoeuvre  
 
Figure 5.2 presents the closed-loop results for a double line change at high speed (22m/s). 
As it is shown in a), the trajectory followed by the motorcycle fits quite well the reference. It is 
interesting to see in b) how the torque on the handlebars is mainly due to the proportional 
term of equation (3), i.e. the term that takes into account the difference between the actual 
and the desired roll angle. As stated before, a small deviation with respect to the steady 
conditions is also needed to correct the path error. 
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Figure 8: Steady state analysis results 

 
In c), it is possible to observe how the roll angle of the motorcycle tends to follow the target 
angle but it is worth noting that both would only coincide in steady-state conditions (see next 
section). Finally, the steering angle is shown in d), where the two lane changes can be 
distinguished clearly. First the angle increases until it arrives to 1 degree and then decreases 
to -0.85. The inverse cycle is repeated for the second lane change. 
 

5.2 Steady-State behaviour: Eight-Manoeuvre 
 
Figure 9 presents the results of the eight-manoeuvre. This manoeuvre allows to study the 
steady state behaviour of the system motorcycle-rider. The first graph shows the reference 
trajectory in grey and the actual trajectory of the motorcycle in blue. As it is shown, the 
controller makes the motorcycle follow the trajectory with satisfactory results.  
The second graph shows the response of the steering angle during this manoeuvre. Two 
important things can be observed: the presence of flat regions (i.e. from t=12s to t=30s in 
Figure 9c) in which the motorcycle angle reaches the steady-state and the peaks in 
front/after the flat regions. These peaks correspond to the counter-steering behaviour 
descried above. This is a clear sign that the controller is working well. 
Finally, in the last graph, the roll angle of the motorcycle is shown. In this case, compared to 
the dynamic manoeuvre, the actual roll angle (in black) reaches the reference (in red) some 
time after the beginning of the curve. This means that this version of the controller is now 
able to both stabilize the motorcycle along the desired path and achieve the reference roll 
angle.  
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With this early version controller, it is possible to simulate the behaviour of the motorcycle-
rider system during the pre-crash phase. In the future, more advanced controllers will be 
implemented and linked with the biomechanical model of the rider. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 9: Steady-state results, eight manoeuvre 

a) 

b) 

c) 

a) Trajectory and reference, b) Steering angle [rad], c) Roll angle [deg]. 
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6 The multibody rider model (ESR 2, UWB) 
 
ESR number 2 is now working on the complete multibody model of the rider at the University 
of West Bohemia (Czech Republic). His main aim is to reproduce the natural movement of 
the rider’s body. This model is composed of 15 rigid bodies: head, neck, thorax, abdomen, 
pelvis, upper and lower arms, upper and lower legs and feet. 

                                   

Figure 10: Schematic of the multibody model of the rider 

 
The actuation of the rider will be passive and/or active with joint driver control (and/or muscle 
activation control) to follow the needed posture for each manoeuvre. 
 
The posture will be set tacking the values of the rider model (torque in handle bar, camber, 
etc.). 
 
Each body of the model can have simplified skin surface for contact in crash scenarios, and 
optionally with links to couple protective devices like helmets, boots or chest protectors, 
giving the possibility to update for each scenario the reduction of the degree of movement 
impose by that equipment and/or stiffness change of the affected joints. In this phase we can 
simulate several types of reaction of the body (free joints, natural passive limits, active joints). 
 
The dimensional values of the centre of mass and joint reactions can be used for FEM 
models to predict with more accuracy the probability of injury and respective score. A first 
injury prediction can be given according with the simulated values too. Critical zones of the 
body in particular crash scenarios can be refined with a more detailed multibody model 
and/or an interactive simulation using that part using a FEM approach (using RADIOSS for 
FEM task). 
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6.1 Posture optimisation and rider behaviour 
 
To get a more natural behaviour to the model, will be considered the literature characteristics 
of the body movement, more a collections of movement scenarios. 
 
For the driver manoeuvres, the posture will be optimized with experimental data taken in 
parallel WP’s of the MYMOSA project. This will feet the model to this postures and validate 
the control model in this point (drive and pre-crash) 
 
For crash scenarios, will get some data using crash simulations made in DEKRA facilities. 
The posture of the dummy will help to optimize the model with the passive limited joints 
(more closed with the dummy behaviour). Data taken from the accident reconstitution (e.g.: 
final posture) will help too to compare the obtained results with the observed. 



Project: MRTN-CT-2006-035965 MYMOSA   

Deliverable 1.1: Development of overall methodology for accident simulations 

Issued: 30/04/08 Version: Final 1.0  20 

 

7 Conclusions and future work 
 
In this work, a co-simulation environment was created in order to evaluate the performance 
of a rider model. Together with the multibody model of the motorcycle and the model of the 
controller, a tracking algorithm was also implemented in Simulink.  
 
A double lane change at high speed and an eight manoeuvre were successfully simulated, 
proving that a simple PID rider model is able to both stabilize the dynamics of the motorcycle 
and make it follow a predefined trajectory with a reduced error.  
 
Taking this research as a starting point, more complex rider models will be developed. It is 
intended to develop a fully active multibody rider model, i.e. not only the control torque 
exerted on the handlebars will be modelled but also the natural movement of the rider’s body. 
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